Abstract: Intrinsically disordered proteins (IDPs), also known as intrinsically unstructured proteins (IUPs), lack a well-defined 3D structure in vitro and, in some cases, also in vivo. Here, we discuss the question of proteolytic sensitivity of IDPs, with a view to better explaining their in vivo characteristics. After an initial assessment of the status of IDPs in vivo, we briefly survey the intracellular proteolytic systems. Subsequently, we discuss the evidence for IDPs being inherently sensitive to proteolysis. Such sensitivity would not, however, result in enhanced degradation if the protease-sensitive sites were sequestered. Accordingly, IDP access to and degradation by the proteasome, the major proteolytic complex within eukaryotic cells, are discussed in detail. The emerging picture appears to be that IDPs are inherently sensitive to proteasomal degradation along the lines of the ''degradation by default'' model. However, available data sets of intracellular protein half-lives suggest that intrinsic disorder does not imply a significantly shorter half-life. We assess the power of available systemic half-life measurements, but also discuss possible mechanisms that could protect IDPs from intracellular degradation. Finally, we discuss the relevance of the proteolytic sensitivity of IDPs to their function and evolution.
Introduction

Initial considerations
The long accepted dogma has been that functional proteins, such as enzymes, antibodies, and receptors for hormones and neurotransmitters, exist as compact structures in which the polypeptide backbone and its sidechains are folded into a unique conformation that is crucial for the protein's function. However, it has recently become apparent that some amino acid (aa) sequences, usually characterized by high net charge and low hydrophobicity, 1 adopt in solution an ensemble of extended, flexible conformations with little or no structure propensity. This phenomenon is known as intrinsic disorder. Intrinsically disordered proteins (IDPs), that is, proteins containing localized intrinsically disordered regions (IDRs) or completely devoid of structure along their whole lengths, are highly abundant, especially in eukaryotes. Furthermore, they are enriched in proteins associated with such functions as signaling and regulation. 2, 3 Although
IDPs can resemble folding intermediates of globular proteins in shape, they appear to be qualitatively different from them, as indicated by their unusual aa composition and biophysical properties, such as resistance to temperature and chemical denaturation.
It is thus considered likely that even in vivo, where macromolecular crowding, known to enhance refolding of globular proteins, 4 is much higher than in vitro,
IDPs generally retain the disorder observed in vitro. Already in the 1970s, proton NMR experiments hinted that proteins can possess a random coil-like state inside vesicles and intact cells 5 ; the recent advent of in-cell NMR has confirmed this suggestion.
Although the situation may vary from protein to protein, a study of the neuronal tau protein at near native concentration in X. laevis oocytes 6 suggests that disorder is sustainable under the conditions prevailing in a eukaryotic cell. However, it can still be argued that if IDPs are expressed in the environment of their native cell, where all their cognate binding partners are present, they may exist solely in a bound and folded state. This folding-upon-binding model may indeed be true for some IDRs, for example, for certain ribosomal proteins, but in other cases IDRs appear to be disordered or not fully folded, even when bound. This is exemplified by the phenomenon of ''fuzziness,'' 7 and, even more strikingly, by the case of Sic1-Cdc4 binding, in which Sic1 still populates a dynamic ensemble even when bound, with the ensemble as a whole contributing to binding. 8 Furthermore,
IDPs often function in a compartment different from that in which they are synthesized, and are frequently involved in low-affinity interactions; thus they are likely to exist, at least transiently, in an unbound state. Finally, disorder can contribute to protein function, for example, by allowing for a broad spectrum of interactions, 9 for faster association rates 10, 11 and even facilitating catalysis. 12 Some tasks, such as entropic chain functions, actually require disorder, 13 with entropic bristles formed by
Phe-Gly repeats in nucleoporins serving as an example. 14, 15 Importance of disorder for function is underscored by the existence of regions for which the disordered conformation, but not the sequence, is conserved throughout evolution. 16 In summary, it is likely that there is less protein disorder in vivo than in vitro, mainly due to binding-but it is present inside the cell and is of functional importance.
One of the features commonly associated with IDPs is their susceptibility to proteolysis. 17 Limited proteolysis is widely used as a tool for detecting disorder, 18, 19 and problems are often encountered in production of recombinant IDPs due to their sensitivity to bacterial proteases. Extrapolation to eukaryotic cells suggests that eukaryotic IDPs are easy targets for proteases in vivo. In the following, we discuss both theoretical considerations and experimental evidence relating to the susceptibility of IDPs to proteolysis.
Sensitivity of IDPs to Proteolysis
In Vivo
Intracellular proteases
Genes coding for proteases are found in large numbers in both prokaryotic and eukaryotic genomes. Broad-specificity intracellular proteases capable of cleaving most sequences are used by organisms for removing misfolded and damaged proteins. Levels of native proteins are regulated at the level of their synthesis, 20, 21 but proteolysis is also important, especially in slowly dividing cells. Selective degradation of regulatory proteins plays an important role in dynamic processes such as cell cycle control and signal transduction. To fulfill these roles efficiently, without causing off-target damage, the broad-specificity proteases must be tightly regulated. This is generally achieved by sequestration in a separate compartment, that is, a subcellular organelle or a protein chamber, and by controlled substrate delivery. Compartmentalization brings together different proteolytic activities, thus enhancing degradative efficiency. Autophagy and proteasome-dependent degradation are two major proteolytic mechanisms in eukaryotic cells.
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Autophagy. Many intracellular proteases are enclosed in acidic organelles, such as the mammalian lysosome and the analogous yeast and plant vacuoles. Degradation by these organelles 23 (autophagy) is important during nutrient-starvation, and is also involved in removing damaged organelles or proteins, especially large aggregates. Since little is known about degradation of IDPs by this route, we will not discuss it further.
The proteasome. The proteasome, 24,25 a protein complex found in both the cytoplasm and nucleus of eukaryotes, is responsible for selective degradation of regulatory proteins, as well as of misfolded or damaged proteins. The 20S core particle of the proteasome (20S CP) is composed of 28 subunits, two copies each of 14 different, but related, a-and b-subunits (a1-7 and b1-7). It contains six active sites, of three different types, all associated with b-subunits, which, taken together, make it a broad-specificity protease capable of degrading most aa sequences. These subunits are organized as four rings (two inner b rings and two outer a rings), which delimit three chambers: two antechambers on either side of the proteolytic chamber. It has been demonstrated (for archeal 20S CP) that the antechamber has the capacity to maintain substrates in an unfolded state. 26 Each antechamber is separated from the outside by a narrow channel known as the a-annulus, closed by a gate composed of N-terminal residues of the a-subunits. The free form of 20S CP is present at a high intracellular concentration; but part of the intracellular 20S CP is tightly associated with activators, viz., the 19S regulatory particle (19S RP) and the 11S complex, both of which stabilize the open conformation of the gate. [27] [28] [29] [30] The relative abundance of these populations is influenced by intracellular conditions, such as ATP concentration and temperature. The 26S proteasome (26SP) consists of 20S CP bound, at either or both of its endplates, to the 19S RP. The relative abundance of singly and doubly capped 26SPs differs from one cell type to another. 31 The 19S RP, which includes six ATPase subunits, recognizes proteins tagged with a poly-ubiquitin (poly-Ub) chain, 32 and subsequently deubiquitinates, unfolds, and translocates them into the core particle in an ATP-dependent process. 33 When referring below to degradation by 20S CP, this means that the core particle alone is capable of hydrolyzing a given substrate in the absence of ubiquitination. Association of 20S CP with its activators does not necessarily abolish this capability. Degradation by 26SP means predominantly (Ub)-and ATPdependent degradation, which requires association with the 19S RP.
Proteases in bacteria and archea. The proteasome is also found in some bacteria (actinomycetes) and archea. E. coli contains different but similar nano-compartmentalized systems, including the cytoplasmic Lon and Clp and the membrane-associated FtsH. 34 Like 26SP, they are barrel-like structures associated with ATPases. It appears that substrates require specific sequential signals, which are recognized either directly by the ATPases, or by an adaptor, which then brings the substrate in contact with the protease. 35 For example, the C-terminal residues of SulA, the N-terminal residues of SoxS, the ssrA tag, and stretches of aromatic residues all have been implicated in targeting to Lon. 36 A degradation tag functionally analogous to Ub, called prokaryotic Ub-like protein (Pup), has recently been identified in M. tuberculosis. 37 Interestingly, Pup is an IDP which, unlike Ub, appears to be degraded together with the substrate it is attached to, serving as a degradation initiation site.
Sensitivity of disordered regions to proteolytic cleavage
The substrate specificity of proteases is influenced by aa residues of the substrate extending in both the N-and C-terminal directions. 38, 39 These sequence preferences alone, however, cannot explain the extraordinary selectivity often observed in proteolysis experiments, especially when broad-specificity proteases are used, such as subtilisin, thermolysin, or proteinase K. Rates of proteolysis are well known to be enhanced by substrate denaturation. 19 Thus, for example, the rate of hydrolysis of one particular bond in ribonuclease T1 increases 1700-fold upon unfolding. 40 In 1980, Neurath 41 remarked that proteolysis of folded proteins occurs preferentially ''at hinges and fringes.'' Indeed, it was subsequently shown that preferred subtilisin cleavage sites in thermolysin correspond to peaks in X-ray-derived B-factor values, which are known to be higher for flexible regions devoid of secondary structure. 42 It was later demonstrated that cleavage sites also tend to overlap with regions for which electron density in crystal structures is completely absent, and are thus predicted to be intrinsically disordered. 18 Hubbard et al.
43
suggested that to interact with a protease, a protein segment must adopt a conformation similar to that seen for inhibitor molecules in crystal structures, viz., an extended conformation that requires a propensity for local unfolding of at least 12 residues around the scissile bond. A recent survey was made of all PDBdeposited structures of proteases, including the proteasome, in complex with substrates and inhibitors. 44 This survey confirmed that polypeptides and other ligands bound within the protease active site adopt an extended conformation almost exclusively. It has also been argued that IDPs have greater capture radii, 10 which should enhance their rates of interaction with binding partners, including proteases. It is possible to use in vitro display technology 45 to design short linear peptides relatively resistant to a broad spectrum of proteases; but to the best of our knowledge no naturally occurring IDR of significant length has been demonstrated to be unusually resistant to proteolysis in vitro. Intracellular eukaryotic IDPs do not normally encounter proteases used in limited proteolysis experiments. However, their sensitivity to such proteases suggests generally high susceptibility to cleavage by protease binding sites, without the requirement for the prior local or global unfolding required of folded regions ( Fig. 1 ).
Degradation by bacterial proteases
Problems with susceptibility of IDPs to degradation are often encountered during over-expression in bacteria and subsequent purification 46 (e.g., in the cases of BH3-only proteins 47 and neuroligin 3 48 ). However, there are also examples of IDPs that can be Suskiewicz et al.
successfully produced in E. coli without taking any special measures to avoid degradation. One such example is the cytoplasmic domain of gliotactin (glicyt). Despite being resistant to proteolysis in E. coli, gli-cyt is readily degraded by both proteinase K and 20S CP in vitro. 49 This suggests that gli-cyt is not inherently insensitive to hydrolysis, but merely protected from the proteolytic sites of compartmentalized bacterial proteases such as Lon and Clp, which grant access to substrates displaying particular sequential signals (see section ''Proteases in bacteria and archea'').
20S CP-dependent degradation of IDPs and the 20S CP gate
Many IDPs have been shown to undergo degradation by 20S CP both in vivo and in vitro, including a-synuclein, 50 c-Jun, 51 eIF4F and eIF3, 52 HIF-1a, 53 p16
and p21, 54 Rb, 55 p53, and p73. 56 Indeed, we have suggested that susceptibility to Ub-independent proteolysis by 20S CP is a general property of IDPs. 49 Baugh et al. 57 subjected protein fractions from a rabbit reticulocyte lysate purification protocol to proteasomal degradation in vitro. Two hundred fifty-eight out of 1167 detectable protein species were found to be cleaved by both 20S CP and 26SP. Cleavage occurred at the IDRs, and proteolysis was in most cases incomplete, yielding trimmed folded domains. This suggests that 20S CP may be involved in processing rather than in degradation. However, we favor the hypothesis that 20S CP-mediated degradation normally occurs to completion in vivo, but is less efficient in vitro, perhaps due to lack of some additional, as yet unidentified, cellular factors. Extrapolating these results to the entire rabbit proteome, >20% of all cellular proteins are potential targets of 20S CP. The difference between degradation by subtilisin or proteinase K and degradation by nano-compartmentalized bacterial and eukaryotic proteases is that for the latter, not only do the substrates have to be able to bind efficiently to the active sites but also have first to access the sites by passing through the gate to the inner compartment. In X-ray structures of eukaryotic (S. cerevisiae) 20S CP particles, both without 58, 59 and with inhibitors, 60 The open gate is not wide; as a consequence, it grants access only to unfolded substrates. When a gold particle around 2 nm in diameter is attached to a denatured polypeptide chain, this otherwise degradable substrate can no longer be processed by archeal 20S CP. 74 The X-ray structures of 20S
CPs from various species suggest that the gate has a diameter of 17 Å (13 Å when van der Waals radii are taken into account). Thus, a single, extended polypeptide chain can easily pass through it, and so can two adjacent chains in a b-strand conformation. 75 Because of the narrow dimensions of the gate, not only is flexibility of the polypeptide chain required to permit productive interaction with the active sites of the protease subunits (function i in Fig. 2 ), but also the physical ability to access them (function ii in Fig. 2 ). Both elements are crucial for efficient degradation. 74 This is consistent with our observation that a molten globule species was rapidly degraded by proteinase K, but not by 20S CP. However, this might be due to the 26SP preparations studied having been partially singly capped, that is, possessing one ''26SP-like'' and one ''20S CPlike'' endplate. 57 Interestingly, the in vivo degradation of the IDP, p21, is enhanced by siRNA against a 19S RP subunit. 54 This suggests that the 20S CP or the ''20S CP-like'' endplate of 26SP is more efficient in p21 degradation than the ''26SP-like'' endplate. Another activator, REGc, has been implicated in degradation of several IDPs, including p21, p16, 54, 77 SRC-1/AIB1, 78 Smurf1, 79 and hepatitis C virus core particle. 80 However, c-Fos was shown to be degraded by 20S CP, but not by REGc-activated 20S CP 81 ;
thus, REGc may be an important, but not a universal, activator of IDP degradation by 20S CP.
Initiator regions and processivity of degradation by 20S CP
IDPs degradable by 20S CP include both wholly disordered polypeptide chains and proteins containing localized IDRs (Fig. 3) . We have shown that IDPs, which are largely disordered, are readily degraded by 20S CP in vitro 49 [ Fig. 3(A) ]. p53, which contains two IDRs at its termini, and a folded region in the middle, 82 is also completely degraded by 20S CP both in vivo and in vitro. The region necessary for initiating this process corresponds to the N-terminal IDR. 83 During degradation, the folded domain must be gradually unraveled and fed into the narrow entry channel without the help of ATP-dependent Figure 2 . Role of intrinsic disorder in different types of proteolytic degradation. A: Disordered regions are preferentially cut by small broad-specificity proteases, such as proteinase K, subtilisin, or thermolysin, because they can easily adopt an extended conformation required by the protease active site (function i). B: For the same reason (also function i), disordered regions are efficiently degraded by the 20S proteasome without the need for prior catalyzed unfolding. More importantly, however, they can initiate degradation by accessing the narrow 20S proteasome gate, which opens and closes in a stochastic manner (function ii). C: Intrinsically disordered initiator regions are likely also required for 26S proteasome-dependent degradation, but in such cases it has been suggested that they function by interacting with the ATPase loops in the 19S subunit and triggering unfolding (function iii). Although intrinsic disorder serves as a sufficient signal for proteinase K-or 20S proteasome-mediated degradation, it does not do so for 26S proteasome-mediated degradation. In the latter case, a polyubiquitin chain or a specific mechanism of recruitment to the proteasome is also required.
unfoldases. The C-terminal IDR of p53, although readily degraded in vitro by 20S CP when expressed in isolation, is not capable of initiating the degradation of p53 if the N-terminal domain is deleted. This is consistent with the hypothesis that different proteins are degraded from either the N-or the C-terminus, the direction being determined by some sequence-related or structural feature(s), but with a requirement for an IDR at the relevant end. Alternatively, it is feasible that the directionality of degradation is not pre-determined by any specific factors, but that proteolysis simply proceeds from wherever it can be efficiently initiated. 84 In the latter scenario, the C-terminal domain of p53, despite its disorder, would lack some of the features necessary for a good initiation site. Efficiency of protein unraveling by ATP-dependent proteases does not depend on global protein thermal stability, but rather on the local structure adjacent to the site of degradation initiation. 85, 86 The same may also be true for 20S CP-mediated degradation. In other 20S CP-degradable IDPs it is also often possible to map particular IDRs, at either the N-or C-terminus, 87 that are responsible for initiation of degradation [ Fig. 3(B,C) ]. Such initiator regions are often capable of destabilizing a stable GFP reporter when fused to it, as is the case for a 40 aa C-terminal region of Fra-1. 88 Both yeast and human ornithine decarboxylases (ODCs) are targeted to ubiquitin-independent degradation by IDRs, the initiator regions being at the N-and C-terminus, respectively. One difference is that while 20CP is sufficient for human ODC degradation, efficient removal of its yeast homologue requires at least some subunits of the 19S complex. Generally, however, it appears that although the initiator region of ODC ''moved'' from the N-to the C-terminus in the course of evolution, the intrinsic susceptibility for degradation, whether by 20S CP or 26SP, was maintained. 89 Whether an internal IDR can be an efficient degradation initiator is still not certain [ Fig. 3(D)] ; but the open gate of 20S CP seems to be wide enough to accommodate two adjacent protein chains, as mentioned above, and circular protein constructs without N-or C-termini have been observed to be cleaved in vitro by the 20S CP. 76 Summing up, many different studies suggest that IDRs are capable of constitutively destabilizing proteins by targeting them to 20S CP-dependent degradation without the need for prior modification. In other words, wholly disordered proteins are generally unstable by default. 90 In proteins with both disordered and tightly ordered regions, the situation is more complicated. A single disordered region at one of the termini can target the whole protein for degradation, without the need for ATP-dependent unfolding. However, IDRs incapable of initiating degradation of a partially folded protein are also known, such as the C-terminal IDR of p53.
The role of intrinsic disorder in ATP-and Ub-dependent degradation by 26SP
Recent studies suggest a two-component degradation signal (degron) model for Ub-dependent degradation. Thus, not only a poly-Ub tag, but also an N-or C-terminal IDR of at least 20-34 aa, [91] [92] [93] [94] [95] [96] are both required for efficient targeting to 26SP. A long internal IDR may also be effective. 97 A disordered conformation of such regions appears to be sufficient, but some sequence requirements have also been postulated. 96 In some substrates, disordered initiator regions may be created by local unfolding triggered by the poly-Ub tag. 98 Endoplasmic reticulum (ER) quality control substrates are probably denatured before 26SP-mediated degradation by p97 AAAþ ATP-dependent unfoldase, enabling them to bypass this requirement. However, when such a protein possesses a C-terminal IDR, it can be degraded in the absence of p97, 99 further underscoring the importance of the initiator IDR. The poly-Ub tag and the IDR can be located on two different proteins bound to each other, but in this case only the protein possessing an IDR appears to be degraded. 100 It was estimated that 24-34 aa in a random coil conformation span 50-70 Å , which is similar to the predicted distance between the entrance to the ATPase ring and the pore loops (60-70 A) . 101 Homologous loops in bacterial and archeal proteolytic complexes recognize linear sequence motifs of substrates, leading to unfolding and degradation. This suggests that the initiator IDR fulfills different roles in degradation by 26SP and 20S CP: for 26SP, interaction with the ATPase initiating unfolding is crucial, whereas for 20S CP the ability to pass through the gate is required [function iii in Fig. 2 (C) and function ii in 2B, respectively]. Additionally, the IDR may contribute to the affinity of binding to the 26SP. 94 Certain low-complexity IDRs (e.g., glycinealanine repeats in EBNA1), when appropriately located in a protein, hinder degradation by a mechanism that is not fully understood. 33, 102, 103 Although disorder is important for ATP-dependent degradation by the 26SP, it remains a tightly controlled process that is regulated by specific tagging of substrates. Substrates degraded by this pathway are stable by default, and are only destabilized upon poly-ubiquitination. It is true that, like other post-translational modifications, poly-ubiquitination sites are often observed within disordered regions. 104, 105 Examples are provided by cyclin B and securin, which are degraded during mitosis in a Ub-dependent fashion. 106 But in these cases, and perhaps in general, disorder is not sufficient for polyubiquitination. These proteins are ubiquitinated primarily owing to specific sequential elements that they possess; and this only occurs when the E3 ligase capable of recognizing them, the APC/C complex, is assembled and active towards these particular substrates. 107 IDRs (especially at N-or Ctermini) may, however, suffice to target proteins to Ub-independent degradation by 26SP (See section ''Proteasomal activators in Ub-independent IDP degradation'').
Intracellular half-lives of IDPs
A traditional approach to measuring protein halflives in vivo, not so far applied to large protein sets, is the pulse-chase method: After pulse-labeling of the proteins, the decay of radioactivity of a particular protein is monitored using its cognate antibody or by measuring mass shifts of specific tryptic fragments. 108 Another approach consists of tagging proteins, inhibiting translation (which has significant side effects), and monitoring the abundance of the tag over time. Belle et al. 109 thus analyzed >3,750 S.
cerevisiae proteins. Yet another method compares turnover of two fluorescently labeled proteins expressed from a single transcript, one of which is measured, and the other used as a reference, separated by an internal ribosome entry site. ) have been used to analyze the correlation between protein half-life and intrinsic disorder. It was observed, using the yeast data set, that the fraction of residues predicted to be intrinsically disordered correlates with protein halflife, albeit very weakly, provided the data are normalized to protein length. 111 A different analysis of the same data set examined the average protein half-life in three groups of proteins: highly structured (0-10% disordered residues), moderately unstructured (10-30%), and highly unstructured (30-100%). A significantly different distribution of half-lives between these three groups was observed, with highly unstructured proteins having, on average, shorter half-lives. 12 The authors also examined the abundance of PEST motifs in the same three groups of proteins, and found more profound differences; but the relevance of PEST motifs to degradation is controversial. 111 Yen et al. 110 reported that they failed to find a correlation between protein instability and length or number of IDRs. Surprisingly, amino acids identified to be enriched in longer lived proteins partially overlap with disorder-promoting amino acids. 105 In another study, all human proteins were divided into five bins according to the percentage of disordered residues ([0-20], , , , and [80-100]%); the average protein stability score in each bin was then analyzed.
No correlation was observed, but the most highly disordered proteins [80-100%] had a significantly higher average protein stability index values than the others, suggesting that they have on average longer half-lives. In summary, no strong correlation between disorder and short in vivo half-lives, suggestive of a deterministic role of disorder in protein degradation, was observed in these analyses. This is in surprising contrast with the almost deterministic role of disorder observed for in vitro 20S CP-dependent degradation: indeed, we proposed sensitivity to this mode of degradation as a possible operational definition of IDPs. 49 This discrepancy may in part stem from the bias introduced into half-life measurements by globular tags fused to one of the termini of the proteins analyzed. The authors of both the yeast and human studies rigorously validated their procedures by comparing their data with those obtained by other techniques, as well as with studies comparing the dynamics of tagged and untagged proteins in vivo; they mostly found relatively good agreement (see Supporting Information by Eden et al. 21 ). However, these comparative studies were very limited in scope, and did not focus specifically on IDPs. Bearing in mind the importance of disordered regions at the termini of many known substrates of 20S CP, the effects of tagging might be expected to be more significant for IDPs than for other proteins. Upon tagging, a terminal IDR becomes an internal one and, as mentioned above, whether internal IDRs can interact productively with 20S CP is still controversial. It is also possible that in some cases incomplete degradation occurred, yielding the free tag domain, which could still be detected. Furthermore, the apparent special role of disordered termini in initiating degradation suggests that one should perhaps take into account only disorder in terminal regions, especially at the ends not blocked by the tag, not overall disorder, as was done in the available analyses.
Although it is important to rule out these different possibilities before reaching final conclusions, one should treat seriously the analyses performed so far. IDPs appear surprisingly longer-lived in vivo than expected bearing in mind their ''default instability'' observed in vitro, suggesting that in their native environments they are protected from degradation.
Protection of IDPs from degradation
Inside the cell, IDPs probably exist largely in a bound state. We were able to show 49 that the cytoplasmic domain of neuroligin 3 could be prevented from 20S CP-mediated degradation in vitro by either S-SCAM or PSD95, with both of which it is known to form a complex. CP, but not with 26SP. 56 A yeast ortholog of NQO1, Lot6, serves a similar function. It has been suggested that degradation of the transcription factor, Yap4, is regulated by the redox state of the flavin cofactor of Lot6, which was thus termed a ''redox switch'' of the 20S yeast proteasome. 115 An insight into the nanny model [ Fig. 4(C) ] is provided by the MDM2 and Hdmx proteins, which are homologous, and can both interact with the N termini of p53 and p73. MDM2, unlike Hdmx, displays E3 Ub ligase activity towards p53, but not towards p73. Binding of MDM2 to p53 leads to increased degradation of this protein via a Ub-dependent pathway, whereas its binding to p73 results in stabilization of the latter, by preventing its Ub-independent degradation. A mutation in MDM2 that prevents it from poly-ubiquitinating p53 results in its stabilizing both p53 and p73. Hdmx, like this inactive MDM2 mutant, also stabilizes the two proteins. Both Hdmx and MDM2 serve as nannies by virtue of interacting with the initiator IDR of p53; but MDM2 also displays Ub ligase activity towards p53 that overrides its protective role. 116 The nanny action of MDM2 is specific for p53. Its interaction with both p21 and pRb enhances their degradation. 55, 117 IDPs can bind not only to other proteins, but also to nucleic acids. Indeed, many IDPs function as transcription factors. One well-studied example, Ets-1, is known to become more structured upon interaction with its cognate DNA. [ Fig. 4(E) ]. There is some analogy between these ''decoy'' sites and nanny proteins since the main function of both appears to be regulation of the halflives of IDPs. Another mechanism for stabilizing IDPs involves intramolecular interactions that allow the protein to largely retain both its disorder (if only in the form of ''floppy'' loops) and the functional advantages associated with disorder. However, at the same time, this mechanism minimizes the number of relatively unconstrained long IDRs capable of accessing Figure 4 . Mechanisms preventing disordered proteins from degradation by default. Proteins can be stabilized when involved in intermolecular interactions with (A) other members of the same stable complex (e.g., the cytoplasmic domain of neuroligin 3 with S-SCAM and PSD95); (B) a nanny protein (e.g., p53 with Hdmx); (C) a proteasome gatekeeper (e.g., p53 with NQO1); (C) a nanny protein (e.g., p53 with Hdmx); (D) a functional DNA binding site; (E) a nonfunctional ''decoy'' DNA binding site. F: Proteins can also be protected by intramolecular interactions (e.g., calcinin N). The nascent chain of an intrinsically disordered protein can be protected from degradation by (G) local folding, by interaction with a partner or (H) interacting with the ribosome or with ribosome-associated proteins.
20S CP [Fig. 4(F) ]. If only the termini can function as initiation sites, then it would be sufficient if only they were blocked by such interactions. An antibiotic protein, colicin N, which contains a functionally important disordered T-domain, is sensitive to proteolytic degradation, 121 ,122 yet can survive in the protease-rich environment of the animal host gut. It has been proposed that stabilization is achieved by intramolecular interaction of the T-domain with folded parts of colicin N. 122 IDPs capable of being stabilized in such ways should not, perhaps, be called unstable by default.
If a protein has a disordered N-terminus, its degradation can potentially be initiated when it starts to emerge from the ribosomal channel, even if it becomes stabilized by an intramolecular interaction in the full-length protein. Simister and coworkers recently proposed that some IDPs might be stabilized by an N-terminal folded domain [ Fig. 4(G) ] that avoids degradation, and subsequently provides a platform on which the disordered remainder of the protein can gradually self-organize into a loopy structure [ Fig. 4(F) ]. 123 These authors used bioinformatics tools to identify over 50 human proteins that fitted their model. Nascent N-terminal IDRs could also, in principle, be protected by interactions with ribosomal proteins [ Fig. 4(H) ] until a longer sequence were synthesized that could be stabilized by a suitable nanny. It is unlikely that chaperones are involved in protecting IDPs from degradation. On the basis of pairwise interactions recorded in the IntAct database, IDPs do not show preferential binding to chaperones, despite having on average a higher number of interactions relative to ordered proteins. 124 Furthermore, chaperones might actually destabilize IDPs, consistent with their recently recognized role in chaperone-assisted degradation (both by 26SP and autophagy). 125 It appears that folding-incompetent proteins, which are repetitively bound by chaperones, are more likely to encounter a degrading chaperone complex, and thus be degraded. Such degrading complexes contain E3 Ub ligases, including CHIP, Cul5, parkin, and E6-AP. Indeed, chaperones have been implicated in promoting degradation of several IDPs, including p53, Tau, and HIF-1a. 125 In a recent study, an interaction between a C-terminal IDR of RGS9-2 and Hsc70 was reported to be responsible for RGS9-2 degradation following its dissociation from its functional binding partner, R7BP, which, unlike the chaperone, stabilizes RGS9-2.
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Summary and implications
Within eukaryotic cells, proteolytic active sites are sequestered from the intracellular environment by either a lipid membrane or a protein chamber; but one of the most abundant proteases, 20S CP, appears to be inherently accessible to IDPs, especially those with an IDR at one of their termini. Such proteins can enter through a narrow gate that opens in a stochastic manner. Thus IDPs are unstable by default, as opposed to globular proteins. The latter can only be degraded by 26SP when tagged with a poly-Ub chain, and are, therefore, stable by default. Despite this distinction, no strong correlation between intrinsic protein disorder and shorter protein half-lives has been reported. Although this may, in part, be due to limitations of half-life measurements, it may also reflect the existence of protective mechanisms. Even if ordered and disordered proteins do not differ, on average, with respect to their half-lives, they do differ with respect to the mechanisms by which they are regulated: IDPs (unstable by default) need to be stabilized to remain undegraded, while globular proteins (stable by default) need to be destabilized to be degraded. This permits these two categories of proteins to serve different functions. Single-subunit housekeeping proteins, that are required at relatively constant levels during normal cell function, are more likely to be stable by default. By contrast, members of stable protein complexes can be expected to often be unstable by default. This results in their being degraded when not part of the complex (thus avoiding off-target effects), but being stable within it. As to proteins involved in highly dynamic processes, such as cell cycle control, signaling, apoptosis and transcription regulation, both ''stable'' and ''unstable'' proteins may be employed. This permits the function of various feedback loops and of other regulatory elements that contribute to the intricate networks operating within the living cell. For example, cell cycle regulators are degraded by various mechanisms. These may be 20S CP-mediated on the one hand, and 26SP-mediated, dependent on APC/C, SCF, and other Ub E3 ligases, on the other.
The sensitivity to proteolysis of IDPs in the absence of protective elements has a possible implication for protein evolution. It has been suggested that an evolutionary pathway from one rigid fold to another might, in some cases, involve a flexible or disordered intermediate state with a propensity for different conformations. 127 However, if such a putative transition were to occur within eukaryotic cells, it would have to cope with the potentially increased proteolytic susceptibility of the intermediate.
